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\. Hejvd Construction 
Many substrates h:\ve been rested such a.-< oNidiied 
silicon/ aluminium cot\ted with alumhia, glass, etc. The 
glass substrate offers' lirge mechanical hardi)ei>s. Many 
heads are aligned on the s-.ime substnue u:>\n<£, only one 
mask. The wire convections are then soldered, a-nd heads 
are covered with a protective coaring. Separated heads or 
^vhole head gioup are cut, and the plane facing the record- 
ing medium is obtained by grinding Nvith a diamond wheel. 
Fig. S shows a gap and the pole faces of multilayer legs. 

VI. CON'CLXJSZO.VS 

We have seen rhat the present integrated magnetic head 
offers many advantages over classical heads: mass produc- 
tion, miniaturiiation, efficiency, and very large frequency 
bandwidth. Fig, 9 3ho^vs an integrated magnetic head. In 



spite of ihe fact that ihe write current is still too high 
(7^ < 500 mA), the re^uh.i are very encouraging- Xew 
possibilities are opened by this head model; with an 
appropriate thickness distribuiion of the magnetic films 
which form the multilayer leg, it may be possible to deter- 
mine a potential function at the pole faces of the ma^etic 
legs- (In a classical head, this potential function is fixed and 
assumed to be an equipoteutial.) 
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A Magnetoresistive Readout Transducer 



ROBEKT P. HUNT, >sembbb, ieee 



AbstTtxct A new type of reproduc* transducfir for reading mag- 
netically recorded tapes is described. The device structure, which 
ntilizes ihe m^picto resistive effect in a thixi mag?ietic film deposited 
onto a nonmagnetic siibstrate, provides wavelength response 
characteristics comparable to existing techaolg&y. Indigenous noise 
effects are subordinate to tape noi:5c. No inrrinsic frequency limita- 
tions are experienced for recording bandwidths in eiistencft coday. 
Since the device detects the tape's fringing fields directly, the output 
is not a function of tape velocity. The device construction lends iisdf 
nicely to multichannel head assemblies. The transducer may also 
be used to detect digitally recorded information. 

ANEW type of transducer which reads stored magnetic 
information and performs comparably to ring 
ty-pe heads conventional to magnetic recording is described. 
The device makes use of the magnetoresistive effect in 
thin magnetic film strips which are deposited onto a 
nonconductive substrate. Two possible geometries are 
indicated in Fig. 1. The plane of the film strip may lie 
either parallel to the plane of the storage medium (hori- 
zontal configur£ition) or perpendicular to the plane of the 
storage medium (vertical config\u:ation). From the point 
of view of \^'ear resistance, the vertical structure is pre- 
ferred since the substrate then takes the brunt of the 
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Fig. 1. Horizout.ll nnd vcrUcal head configuration^^ 



abrasive action caused by the relative motion between 
transducer and storage siructure. 

In magnetoresistive materiabj such as unorlented 
poly crys tabs with isotropic resistance, the resistivity p 
has a uniaxial anisotropy with a symmetry axia parallel to 
the direction of magnetization [1]. Thus 

(1) 



H- cos- B 



where pu is the isotropic portion of the resistivity. Ap is 
the magnetoresistiT.-ity, and Q is the angle between the 
magnetization -V and the current density vector. For 
materials such as Permalloy and cobalt-Lrou alloys, Ap 
amounts to about 2-6 percent of Po at room temperature 
(2). In the geometry of Fig. 1, the fringing fields of the 
stored information operate on the magnetization of the 
film strip to cause a variation in t.hc angle B. By supplying 
the device with & constant current, a terminal voltage 
proportional to cos= 8 :u-iscs. 

To describe the device's operation analytically, a func- 
tional relationship between the applied field H and the 
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uiiglc ^ is required. By assuming Thai the cross section is 
rllipTical so That the film's demagnetizing field l^M„ is 
uiiiform, and by assuming that there is an anisotropy field 
//^ parallel to the current density vector; one may relate 
the orientation of iho magnelizauon to the applied fields. 
For simplicity we shall assume that demagnetizing effects 
rf.-iider i field components ineffective. We shall also as- 
-wine rhat there are no z field components. 

L'aing the usual principles of minimization of the free 
cMiergj' one can show that 



where 



III us 



— Hy cos B + Hq sin 8 cos 5 = 0 



(2) 



(3) 



(4) 



The variation of resistivity becomes 

To linearize this result we ist U y be composed of & dc 
bias field Hi and a tape signal field A,. Thus 

The resistivity may be integrated over the device 
- dimensions to get a signal voltage Y 

vVe i^ore the constant and quadratic terms, is the 
bulk resistance of the elemenc. L is the length of the 
element measured in the direction of current flow and W 
15 The depth of the element. The device essentially responds 
to the applied fields averaged over the head dimensions. 

The bias field Hj, is also a measure of the maximum field 
that may be linearly detected. For an elliptical cross 
section, N is simply the ratio of thickness to depth Air 
i^/^r provided that A/TT « L Control of the aspect ratio 
regulates the dynamic response of che device to iz-directed 
fields, as seen in the experimental curves appearing in 
Hg. 2 for a 2000 A thick film. Observe in these curves 
t^ac the approach Co saturation is gradual rather than 
abrupt, as expected in the Sroner-Wohlfarth model 
£>ince the cross section is in fact more nearly rectangular, 
inhomogeneous demagnetizing effects substantially round 
off the curves at high fields, leaving a point of inflection, 
i nis fact makes the preceding analysis only approximare. 
ihe experimenral dependence of an experimentally defined 
-'■r-magnetizing field on film thickness and element depth 
'°l/^^^a^^°y filn^s is shown In Fig. 3. The demagnetizing 
neld for the purposes of this paper vvas considered to be 
value taken at the point of inflection of the 0.R versus 
^ characteristic (Fig. 2), and hence is al.so the optimum 
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2000 A. Curves are experimental. 
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bias field since this point vAW obviously minimize 
second^ harmonic distortion and provide maximum 
dynamic range. 

As an example, consider a Permalloy ribbon ^vhich Ls 
50 mil long, 0.6 mil deep, and 2000 A thick. The resistance 
of the strip is about 200 n and the magnetoresisTance is 
about 2 percent or 4 n. A device of this description can 
readily handle a measuring current of 20 mA, making 
available a pcak-to-peak (p-p) signal capability of about 
SO mV. The bi:\s field required for this geometry is about 
SO Oe, ivhicli should in no way influence the storage 
medium. 
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The magiietoresiscix-e elements described in Figs. 2 and 3 
were made by musked evaporation of Permalloy onto a 
gloss substrate. Subsequenxly elemenis of various depths 
TV were photopccHed. 

Sine Wave Besponse 

The M*avelengih response of the magnetoresistive head 
(MKH) may be readily calculated if it is assumed that the 
storage medium is uniformly magnetized in the plane of 
the tape according to M = Mr sin Iztj (tj and f are co- 
ordinaj.es natural to the tape while x, y, and 2 coordinates 
are natural to the head geometry), Wallace [3] has shown 
that, the horizontal and vertical components of the field 
above the tape are 



G:) (in) 



(7) 



f is the coordinate normal to the medium's surface, while 17 
runs along the tape's len^h; t is the tape's coating thick- 
ness. The origin of coordinates Ls so chosen that r — 0 
corresponds to the surface of the tape, k is the recorded 
wave vector (2Tr/X) and 77 is simply the time-velocity 
product vT, It is a simple matter to let (6) operate on (7) 
to yield the responses for the two geometries 
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^2 sin (l/2kW) sin kvT ^ 
kW 



kW 



cos hvT 



JExamination of (6) shows that 1) the MRH response is 
independent of tape velocity (77 ^ vT), 2) the horizontal 
MRH exhibits an interference phenomenon analogous to 
the usual gap loss, 3) the vertical head shovv's no gap 
interference term since the film thickness is so small, 4) 
both configurations show the usual coating thickness 
dependence, 5) both configurations exhibit the usual 
dependence on head-ro-tape spacing d. 

A number of lieads of both the horizontal and vertical 
configuration were fabricated and tested. Horizontal 
MRH devices were made by photoetching elements from 
evaporated Permalloy on glass substrates. Vertical MRH 
devices, on the other hand, were fabricated b3- evaporation 
through a mask onto the edge of a carefully polished glass 
slide. 

An example of the response for a vertical MRH is 
shown in Fig. 4. Unbiased sine wave recording was used; 
the record current was optimized at each wavelength. 
At the response maximum the rms output was about 
25 mV. The head resistance was about 500 Q, and a head 
current of 10 mA was utilized. Equation 6 is plotted on top 
of the experimental curve, assuming a head-to-tape 
spacing of 25 ^in, an element depth of 0.5 mil, and a tape 
coating thickness of 300 >iin. The data w:ia taken at 
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Fig- 4. Theoretical and experimental response of vertical mag'ue to- 
resistive head compared to rii\g head response. 
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Fig. 5. ExpenmenTa.1 rft^ponse cliAraclerisric of horizontal mflffnetc 
resistive ftead. H^ad x^'tKti 70 mil long, 3.50 A thick, and 1.2 m: 
dcGp. 



7-J- in/s with an 100 kHz electrical bandwidth and a irac/ 
tv-idth of 50 mil. The rms tape noise level indicated v 
the figure is about 67 dB below the response maximun; 
Johnson noise is ignorable. The response of an instn; 
mentation tj^pe ring head to the same recording, with ■ 
gap length of 35-40 ^tin. a grip depth of 7 mil, and 6 
turns, is shoAvn also. 

Fig. 5 shows the experi mcnt.il response function of . 
horizontally disposed magnetoresistive element wide! 
has an element depth of 1.2 mil. This data was also take* 
at 7 A- in/s. Due xo wear problems, however, the hon 
zontal MRH is not of practical significance for mos 
applications. 
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XoiSE .\>'D CROSi>TAt.K Ch A HA CTERTSTTCS 

The only iiqIsc sources iiurinsic to ilie MRH are X) 
.Jiilui^ion noise, 2) mechanically induced magnetostrictive 
tioisi', 3) Thermal variation:* in ibq €lemeni*s resistance. 
>"u evidence of mechanically- induced magnetostricuvc 
lun^o was :?rcn for the films used here. Thermal variations 
di" rhe elemeni's resistance produce Iom* frequency noise 
,• unponentii (<1 kHz} unles.-? both sides of the element are 
; rutpcted from air convection (by, for example, sand- 
vviching bct^^'cen two pieces of sapphire), in vvhich case 
iliermnl fluctuation noise is not important. Johnson noise 
y ;i Gaussian distributed vvhite noise source with an rms 
. voltage givpn by 

£■„ ^ VTkTR^f (9) 

• where k is Boltazmanrx's constant, T the absolute tem- 
•n-r:iTure, R ihe elemeni's resistance, and A/ the band- 
••idrh. For a 500 n element having a Ap/p of 2 percent, 
.-upporting a 10 mA cun-cnt, and operaitng into a 1 MHz 
bandwidth, the ma^"imum possible ratio of p-p slg:nal to 
rms Johnson noise is IR(ilp/p)/^ 4,kTR^f. For the 
numbers mentioned this ratio is about 7 X 10* or 97 dB 
nr room temperature. 

The principal noise source is tape noise. In an analysis 
paralleling Maliinson's (4] assuming that the mSLgnetiza- 
rlon of a demagnetized oriented tape does not correlate 

■ with iTself, (i.e., the autocorrelation function in the spatial 
coordinates r, 77, z is a 3-dimen5ionai impulse function), 
one may .-show [5] that the ratio of p-p signal I^R to 

" rms tape noise is as shown in (10) where is the rema- 
nent n-voment of the tape, is the elemental .volume of 
:i tape particle. Taking a head-to-lape spacing of 0.020 
mil, an elemental particle volume of 10"^* cmn, a coating 
thickness of ;^00 t^'m, and a ratio of Hs/^TrMr = 0.20 
•:<»r linearity), and further assuming the head dimensions 
= 50 mil and W = 0.0 mil, one gets a wideband signal- 
?u-noise ratio of about SO dB. Fig. 4 fhows a p-p/rms 
ratio of about 7000/1 or 77 dB. 



where A'd(»') Is a modified Bessel function of the second 
kind and D is the intratr^ick guardband. Evaluating this 
integral [G], one finds that the crosstalk should be about 
42 dB down for rhe preceding configuration. 

Digital Detection 

The MRH transducer also may be used for detection of 
digitally recorded bits. If the magnetization of the tape is 
assumed to be a step function of value 2Mr, and if tape 
demagnetizing effects are ignored, the f component of 
field above the tape is 



H,(^) ^ 2M. log \^l+jmL±J2l] 

^ L(f - 1/20= + 



(12) 



w-here t is the coaiins thickness and ijo measures the 
distance between head and transition. The coordinate 
reference is the center of the tape. 

Allowing a. head-to*tape spacing d and integrating over 
the head ^^•idth W one achieves for an output voltage 
pulse in terms of tjoC^wT") 



V = 



47z? ^^' r. ^ i (d + w + ty- + 



d- + n,r ) ' W 
J [ {t + d + TF)' + .zp' l _ 2t^ 

°° \ (/ + dy + ; W 



{ 



tan-» 



— tau" 



{d -!- W)d 



no- -f- (/ + d){t + d-^- W) 



(13) 



This complicated function basically describes a pulse 
which peaks at tjo = and which decays out to zero for 
7?o » rf -4- ^V + t. 



iKd + W)\ (1+ t/(£)/\\ + tj{d + iwn))Y\ 



(10) 



Another point of interest is the sensitivity of rhe MRH 
to crosstalk effects. An MRH characterized by a length of 
70 mil, depth \V of 2..> mil and thickness !\ of 1000 A 
wns locarccl 10 mil (at point of closest approach) from a 
recorded track -50 mil wide. The crosstalk signal was 
mar^imum at a recorded \va\'elength of 50 mil and "a^ 
abcuir 4*> dB below the signal level derived from a oO 
mil wavelength .signal recorded directly below the MRH. 
An approximate formula for rms ratio of signal to cross- 
talk, valid for wavelengths in excess of 1 mil may be 
.?hown ro b^ [5) 



rms si'^nal 



rms crcsscalk 



(11) 



An e.xample of the response to nearly isolated transitions 
is seen in Fig. 6(a). The horizontal scale Is calibrated in 
terms of distance along the rape. The recording made 
use of a nonreturn to zero IBM (N"RZI) format in 
which a one is a transition, while a zero is no transition. 
The MRH used in this experiment had W ^ 2.5 mil. A = 
1000 A, and L = 70 mil. 

The first pattern of Fig. 6 is a rather broad pulse due to a 
single transition occurring every & mil (1000 bit/in). 
For txvo adjacent transitions the pulse shape changes 
significantly, because now equal amounts of positive 
and negative charge arc packed closely togeLher. Next, 
for .3 adjacent, one.? the bit pattern again resembles the 
case of a .solitary one with an added cu.^p. Pulse localization 
is improved b\' fabricating heads with smaller depth W. 





Fig. 7. Riiiffhc:vd re5pon5e lo IQO bit/in digital recording. 
Honzoncnl c(ili brail on is* 7.j mil/crn. 

The iTiagneTizarioa ptlc^e^n 15 indicated schematicdly in 
the figure for coniparUou. Fig. 7 ^hows the output pulse 
M'ave form of a ring he::icl dereciin^i; isoluied transitions 
occurring every 10 mil along rlie tape. The reproduce 
head wag the head dci^cribed in conneciion \Wth 

Fig. 4. 

Co.VCf.U.^TON 

A ne^■v type of magiietjc rrMn.?ducer for reading mi\g- 
necicaliy stored informanon ha,s been dosxribed. In $ine 
wave recording, rlie tlevice'.r ro^ponsp. outpuc level, 
noise, and cro.'>araIk characreri.'rtic.'S compLtre favorably to 
ring head technologv*. The device auL_^- be used co detect 
digitally recorded ii\Kjrni:irloii. Since chc device Is es- 
sentially a rhiii nui2:neric filni, many cran.sducers may be 



depo.-^ired oato a single optically flat substr:ite to eliniinate 
gap scarter problerns in multihead assemblie.?. The mag- 
nitude ot* the device output is not a fujiction of the tape 
velocity or frequency. ConsequenrU-, a single head is 
saci-sfacrory for audio, video, or digiral applications. 
Wear^ characteristics may be controlled by suitable 
selection of the substrate marerial. The principal dis- 
advantage 10 the device is its READ-only capabiliry. 

A C K vow LED G >r EXT 
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